Background: GnT-V levels are implicated in regulating cancer stem cells and tumor development. Results: GnT-V levels via altered Wnt signaling regulate the compartment of colon cancer stem cells and tumor formation. Conclusion: GnT-V levels modulate Wnt signaling that regulate colon adenoma progression. Significance: A specific post-translational modification regulates Wnt signaling and colon cancer progression.
There is a growing body of evidence that a variety of cancers, including breast and colon carcinoma, may be initiated and maintained by a small subset of cells termed tumor initiating cells or cancer stem cells (CSC) 3 that share many features with normal stem cells, including self-renewal and differentiation (1, 2) . Small numbers of these cells have the capacity to rapidly produce tumors upon transplantation in immune-compromised mice, whereas the same numbers of non-CSC produce tumors very slowly; CSC may also contribute to tumor recurrence, metastasis, and treatment resistance in some tumors (3) (4) (5) . Therefore, the characterization of key signaling pathways that regulate CSC is crucial for understanding how CSC regulate tumorigenesis and progression as well as the development of novel treatment strategies that target the CSC. Colon CSC (CCSC) have been identified and isolated from both human colon cancer (6 -8) and mouse intestine adenoma (4, 9) .
Aberrant N-linked glycosylation of cell surface receptors as a consequence of oncogenic transformation has been widely implicated in regulating tumorigenicity and tumor progression. A family of N-glycans whose expression is controlled by oncogenic signaling pathways and is often up-regulated during malignant transformation of epithelial cells is synthesized by the glycosyltransferase, N-acetylglucosaminyltransferase V (GnT-V or Mgat5, EC 2.4.1.155) ( Fig. 1A) (10) . Studies have implicated GnT-V levels in regulating tumorigenesis and invasiveness in many types of human and mouse tumors via the modulation of the function of various cell surface receptors and their intracellular signaling pathways (11) (12) (13) (14) (15) (16) . Our recent results (17) show that deletion of GnT-V delayed her-2-induced mouse mammary tumor onset via down-regulating the size of the compartment of mammary CSC.
Although normal colonic epithelia do not stain with L-phytohemagglutinin (L-PHA), a lectin that specifically recognizes N-linked glycan structures catalyzed by GnT-V, staining is observed in adenomas and increases as they progress to carci-noma (18, 19) . Patients with colorectal carcinomas that show GnT-V glycan products bound by L-PHA have lowered 5-year survival rates (20) . Another study using a glycomics approach identified 30 proteins, including tissue inhibitor of metalloproteinase-1, as an acceptor substrate for GnT-V in human colon carcinoma cells that may be associated with invasiveness (21) . So far, the effect of GnT-V levels on colon cancer development and progression in vivo as well as the molecular mechanisms that are involved in this regulation, particularly in regard to CSC, has not been investigated. A mouse model for the study of colon cancer, Apc min/ϩ mice, has been utilized to study the oncogenesis and progression of adenomas. This model carries an ethylnitrosourea-induced missense mutation of the adenomatous polyposis coli (Apc) gene at stop codon 850 that leads to truncation of the APC protein (22) . A defective APC protein results in the cytoplasmic accumulation and translocation of ␤-catenin to the nucleus to form a complex with T cell factor/ lymphocyte enhancer factor-1 (TCF/LEF-1) transcription factors, consequently activating Wnt target genes (23, 24) . The Apc min/ϩ mice develop multiple intestinal adenomas relatively FIGURE 1 . Expression levels of GnT-V regulate tumorigenesis-related phenotypes in human colon cancer cell lines. A, depiction of the GnT-V enzymatic reaction and glycan product. The GlcNAc residue transferred by GnT-V is highlighted in red. Swainsonine indirectly blocks GnT-V via inhibition of mannosidase II. B, 2 days after tumor cells were transfected with GnT-V (transient) or with GnT-V siRNA (stable), total RNA was isolated for detection of levels of GnT-V mRNA. For each transcript, the values were normalized to control (GAPDH) and expressed as mean Ϯ S.D. from three independent experiments. C, levels of N-linked ␤ (1, 6) branching were detected by L-PHA staining in control and GnT-V-transfected LS180 stable cell lines. Bar, 50 m. D, both LS180 and HT-29 cells were transfected with GnT-V cDNA and grown on plastic in selection medium for 2-3 weeks, and colony formation was quantified. The number of colonies in six random fields was counted and expressed as the mean Ϯ S.D. *, p Ͻ 0.001. Parental: cells without transfection. E, transfected LS180 cells were grown in soft agar for 2-3 weeks, and the number of colonies in six random fields was counted and expressed as the mean Ϯ S.D. *, p Ͻ 0.05. F, GnT-V-transfected LS180 cells (1 ϫ 10 6 ) were injected subcutaneously into the backs of NOD/SCID mice (n ϭ 6), and tumor growth was observed for up to 8 weeks. *, p Ͻ 0.05. Representative H&E-stained sections of tumors at week 8 are shown on the right. Note that the neoplastic cells often form acini (circled) as often seen in colorectal tumors. NECR denotes necrotic area. G, GnT-V-suppressed HT-29 cells (1 ϫ 10 6 ) expressing siRNA directed against GnT-V transcripts were injected subcutaneously into the backs of NOD/SCID mice (n ϭ 5), and tumor growth was observed for up to 8 weeks (*, p Ͻ 0.05; **, p Ͻ 0.01), and representative sections of tumors stained with anti-Ki-67 antibody (recognizing a nuclear protein which is marker of cell proliferation) are shown on the right. Bar, 20 m. rapidly (12 weeks), and in many ways this mouse model mimics human familial adenomatosis polyposis coli, in which the mutated APC gene can often be detected.
In the present study the Apc min/ϩ colon cancer model along with colon carcinoma cultured cells were employed to investigate the regulation of GnT-V in colon tumorigenesis and colon adenoma progression. It is likely that expression levels of GnT-V regulate the canonical Wnt/␤-catenin signaling pathway by affecting the N-glycosylation of Wnt receptors, which further leads to altered adenoma progression in the Apc min/ϩ mice by modulating the population of CCSC.
EXPERIMENTAL PROCEDURES
Cell Lines and Materials-Human colon cancer cell lines LS180, HT-29, and SW480 were from the American Type Culture Collection (Manassas, VA). CHO Lec4 cells were kindly provided by Dr. P. Stanley, Albert Einstein College of Medicine. pSuper vectors containing scrambled and GnT-V siRNA were constructed as described (15) . pCMV6-FZD-7 plasmid was from OriGene Technologies; human Wnt-3a was from R&D system, and CCT036477 was purchased from Enzo Life Sciences. Rabbit anti-Ki-67 (Invitrogen), anti-human CD44-PE (CD44 conjugated with R-phycoerythrin) and CD24-FITC (eBioscience), anti-Ascl2 (Millipore), rabbit monoclonal anti-c-Myc (Epitomics), anti-␤-actin (Sigma), anti-c-Myc and antin-Axin2 (Cell Signaling), mouse anti-␤-catenin (BD), anti-DDK tag monoclonal antibody (OriGene), and antibodies against ERK and phospho-ERK (Santa Cruz Biotechnology) were used in the different experiments.
Mouse Breeding and Adenoma Tumor Tissue Isolation-All procedures used for this study were approved by the Institutional Animal Care and Use Committee of the University of Georgia. Apc min/ϩ mice were purchased from The Jackson Laboratory. GnT-V ϩ/Ϫ female mice in the C57BL6/J background were described (11, 17) and were mated to C57BL/6J Apc min/ϩ male mice to generate C57BL6/J Apc min/ϩ mice with GnT-V Ϫ/Ϫ , GnT-V ϩ/Ϫ , and GnT-V ϩ/ϩ backgrounds. The Apc min/ϩ locus was detected by PCR with the primers 5Ј-TTC-CACTTTGGCATAAGGC-3Ј and 5Ј-TTCTGAGAAAGACA-GAAGTTA-3Ј. GnT-V knock-out mice were genotyped as described (17) . Mice from different groups were sacrificed at 18 -22 weeks and examined for intestinal tumors. The location, number, and size of adenomas in each mouse were determined, and tissue specimens were prepared. Adenomas from each group were sectioned and stained with H&E for histological examination. To evaluate adenoma progression, a survival study of Apc min/ϩ mice in different GnT-V backgrounds was performed and evaluated by using Kaplan-Meier survival curve with 28 weeks as the cut-off time for observation (25) .
Transfection-Cell transfections were performed with Lipofectamine TM 2000 according to the manufacturer's instructions using pMMTVGnT-V or retroviral pSUPER GnT-V siRNA plasmids. 24 h after transfection, cells were placed under G418 (800 g/ml) selection for 3 weeks. Cells with the highest GFP expression were isolated using fluorescence-activated cell sorting. The human pcDNA3/GnT-V and pCMV6-FZD-7 plasmids were used for transient expression of GnT-V and FZD-7. Cells were incubated for 48 h after transfection and used for the indicated experiments.
Colony Formation and Anchorage-independent Growth Assay-For colony formation assay, cells were transfected with 4 g of expression plasmids in 6-well plates and transferred into 100-mm culture dishes the next day. Selection was performed 2 days after transfection with G418 (800 g/ml) for 2 weeks. Colonies were stained with crystal violet and counted under a phase contrast microscope from 5-10 random fields. Assay of cell growth in soft agar was performed using 24-well culture plates coated with two layers of agar at different concentrations (lower layer, 0.7% agar in 0.9% sodium chloride; upper layer, 0.35% soft agar in complete culture medium). 3 ϫ 10 4 cells were added onto the upper layers of the wells and incubated at 37°C for 2-3 weeks. The numbers of the colonies that developed in soft agar were counted under a microscope in 5-10 random fields. The data were expressed by the mean value of cells per field in triplicate with two independent experiments.
Wnt Luciferase Reporter Assay-TCF/LEF-1 transcriptional activity was determined by using TOPFLASH and FOPFLASH reporter plasmid kit (Millipore). Tumor cells were cultured on 24-well plates for 24 h and co-transfected with TOPFLASH or FOPFLASH reporter plasmids, a Renilla luciferase plasmid (pGL4.74[hRluc/TK] vector, Promega), and pcDNA3/GnT-V or empty pcDNA3 plasmids using the Lipofectamine TM 2000 transfection reagent. Cells were harvested 48 h after transfection, and luciferase activity was measured using the Dual Luciferase Assay kit (Promega). Luciferase activity was normalized for transfection efficiency by renilla activity. Relative TCF/LEF activity is defined as the ratio of TOPFLASH/FOPFLASH.
Hoechst 33342 Staining-Single cell suspensions were prepared in DMEM/F-12 medium (10% FBS, 10 g/ml insulin, and 5 ng/ml EGF) at the density of 1 ϫ 10 5 /ml and incubated at 37°C for 60 min. Hoechst 33342 (Sigma) was then added at a final concentration of 2.5 g/ml, and cells were incubated at 37°C for another hour. Verapamil (Sigma) was pre-added at a final concentration of 50 g/ml in to inhibit dye transport in the control reactions (26) . After washing once with HBSS, cells were resuspended in HBSS with 5% FBS, stained with propidium iodide (1 g/ml), and analyzed using flow cytometry.
Flow Cytometry Analysis-Tumor cells were suspended in flow cytometry buffer (PBS containing 1% BSA and 0.01% sodium azide) at 5 ϫ 10 6 /ml and incubated with anti-CD24 conjugated with FITC (CD24-FITC, 1 g/10 6 cells) and anti-CD44 conjugated with R-phycoerythrin (CD44-PE, 1 g/10 6 cells) for 30 min on ice. After washing 3 times with flow cytometry buffer, cells were resuspended in the same buffer (0.5 ml) and subjected to flow cytometry analysis (27) .
Aldefluor Assay-The Aldefluor assay was performed using the ALDEFLUOR kit from Stemcell technologies (28) . In brief, dissociated single cells (1 ϫ 10 6 cells/ml) were incubated in Aldefluor assay buffer containing aldehyde dehydrogenase substrate, bodipyaminoacetaldehyde (1.5 M) at 37°C for 30 min. In each experiment a fraction of cells was stained under identical conditions with a specific aldehyde dehydrogenase inhibitor, diethylaminobenzaldehyde (15 M), as a negative control. After staining with propidium iodide, Alde-positive (CSC) and -negative cells (non-CSC) were analyzed using flow cytometry.
Self-renewal of Colon Cancer Stem cells in Vitro-Single cell suspensions were plated in 6-well ultralow attachment plates (Costar) at a density of 3 ϫ 10 3 to 2 ϫ 10 4 /ml. Tumorspheroid cultures were grown in a serum-free epithelial growth medium containing B27 (Invitrogen), EGF (20 ng/ml), bovine FGF (20 ng/ml), and heparin (4 g/ml) for 7-10 day. Tumorspheres were collected and dissociated with trypsin (0.05%)/EDTA (0.53 mM) into single cells for the next suspension culture (26, 29) . The size and number of the spheres were evaluated for each experiment.
Limiting Dilution Assay-Spheres were dissociated and seeded in ultra-low adhesion 96-well plates in 0.2 ml of stem cell culture media at a density that ranged from 400 to 1 cells/well. At each cell density 8 wells were plated. After growth for 7-10 days, the percentage of wells not containing spheres at each cell plating density was calculated and plotted against the number of cells per well. Using linear regression analysis, stem cell frequency was calculated and expressed as the number of cells required to form at least one sphere/well (30) .
Implantation of Tumor Cells in NOD/SCID Mice-NOD/ SCID mice were purchased from The Jackson Laboratory. Subconfluent tumor cells were harvested and resuspended in serum-free HBSS media in a 70-l volume containing 1-3 ϫ 10 6 cells. After mice were anesthetized with isofluorane, 70 l of the single cell suspension mixed with 30 l of Matrigel was injected subcutaneously into the back of NOD/SCID mice of 6 -8 weeks age using a 27-gauge needle (27) . Tumor growth and tumor size were measured using calipers once a week.
Immunochemical and Fluorescent Staining-Immunochemical staining was performed using VECTASTAIN Elite ABC kit (Vector laboratories) following the manufacturer's instructions. For fluorescent staining, cells were cultured on chamber slides, fixed with 4% paraformaldehyde in PBS for 10 min, and permeabilized with 0.05% Triton X-100. After blocking with 10% goat serum, cells were stained with primary antibodies followed by incubation with secondary fluorescence-conjugated anti-mouse or rabbit IgG (1:250). After washing with PBS, the chamber slides were mounted, and the cells were subjected to fluorescence microscopy. Aldefluor-sorted cell staining was performed as previously described (29) .
Quantitative PCR Analysis-Total RNA from both human tumor cells and Apc min/ϩ tissues was isolated using TRIzol (Invitrogen). The reverse transcription reactions and qRT-PCR analyses were performed using iScript TM cDNA Synthesis kit and iQ TM SYBRGreen Supermix (Bio-Rad), respectively. Primers used in the qRT-PCR analysis are listed in Table 1 .
Glycosidase Treatment of Cell Lysates-Deglycosylation of FZD-7 was performed using whole cell lysates. Cell extracts containing 30 g of protein in denaturing buffer were incubated at 37°C with 500 milliunits of endoglycosidase H for 2 h or peptide N-glycosidase F (PNGase F) overnight. The deglycosylated proteins were subjected to SDS-PAGE and immunoblotting with the anti-DDK tag antibody.
Statistical Analysis-Statistical analysis was performed using statistical software R. Significant differences between two groups were determined by the unpaired t test or non-parametric Wilcoxon rank-sum test. p values Ͻ0.05 were considered significant.
RESULTS

Regulation of Tumorigenesis-related Phenotypes by Expression Levels of GnT-V in Cultured Colon Cancer Cell Lines-To
determine the effects of altering GnT-V activity on colon tumorigenesis in vitro, we first employed human colon cancer cells LS180, HT-29, and SW480, all of which are established cell lines with similar, moderate gene expression of GnT-V detected by qRT-PCR (data not shown). Expression levels of GnT-V were either increased or inhibited in these cells by transfection with GnT-V cDNA or GnT-V siRNA, respectively. Altered expression of GnT-V in these tumor cells was confirmed by detection of GnT-V mRNA transcripts by qRT-PCR; GnT-V glycan products were measured by lectin staining using L-PHA ( Fig. 1 , B and C). As shown in Fig. 1 , D and E, colony formation and anchorage-independent cell growth (grown in soft agar) were significantly enhanced after GnT-V overexpression, indicating increased cell proliferation and anchorage-independent growth caused by GnT-V overexpression. Tumors formed by LS180 cells overexpressing GnT-V injected into NOD/SCID mice grew significantly faster than the tumors formed by control cells (Fig. 1F ), and these tumors were accompanied by more necrotic areas compared with tumors formed from non-transfected, controls cells ( Fig. 1F ). Conversely, tumors formed by injection of cells with GnT-V suppression due to siRNA against GnT-V grew significantly slower than the tumors formed by control cells (Fig. 1G ). Consistent with reduced tumor size, tumors with GnT-V suppression showed decreased Ki-67 staining ( Fig. 1G ), indicating a reduced proliferation of tumor cells due to inhibition of GnT-V expression. These results suggest that GnT-V and its glycan products are implicated as a positive regulator of cancer cell proliferation in vitro and of tumorigenicity in vivo using xenografts.
GnT-V Expression Levels Regulate Colon Adenoma Progression in Apc min/ϩ mice-To investigate the significance of GnT-V expression in colon tumor development and tumor progression in vivo, a mouse model of colon cancer, Apc min/ϩ mice, was utilized. L-PHA staining was increased in intestinal crypts that showed histological evidence of early adenoma for- NOVEMBER 7, 2014 • VOLUME 289 • NUMBER 45 mation (dysplastic crypts) compared with normal crypts ( Fig.  2A ), indicating increased GnT-V activity during adenoma development in Apc min/ϩ mice, consistent with previous reports (18, 19) . Apc min/ϩ mice that differ in GnT-V backgrounds were generated by breeding Apc min/ϩ mice with GnT-V null mice and confirmed by genotyping and L-PHA staining, respectively (Fig. 2 , B and C). As shown in Fig. 3A , the survival times, shown by Kaplan-Meier analysis, were significantly increased in Apc min/ϩ mice with GnT-V deletion compared with GnT-V wild-type (WT) mice (median Ͼ28 weeks versus 21 weeks, p ϭ 0.001), indicating reduced adenoma progression and increased survival times. Although adenomas were formed throughout the intestinal tract of Apc min/ϩ mice in both WT and GnT-V null backgrounds, no significant differences in the number of adenomas between different genotypes were observed at either 18 ( Fig. 3B ) or 22 weeks of age (data not shown). However, the size of the adenomas was significantly smaller in Apc min/ϩ mice that lacked GnT-V expression compared with WT mice. The percentage of adenomas with sizes larger than 2.5 mm was lower in GnT-V inhibition groups (19.5% for GnT-V Ϫ/Ϫ , 18.6% for GnT-V ϩ/Ϫ , and 28.6% for GnT-V ϩ/ϩ ) ( Fig. 3C) . A box plot analysis revealed a distribution of significantly smaller adenomas in GnT-V deletion groups (Fig. 3D ). The average size of adenomas was 1.8, 1.9, and 2.2 mm for GnT-V Ϫ/Ϫ , -ϩ/Ϫ , and -ϩ/ϩ groups, respectively (p Ͻ 0.05). Reduced tumor size was consistent with enhanced survival observed in Apc min/ϩ mice with GnT-V deletion (Fig. 3A) , supporting a reduced tumor progression after inhibition of GnT-V expression. Concomitant with these results, immunohistochemical studies further showed reduced Ki-67 staining of adenomas with GnT-V deletion (Fig. 3E) , indicating an inhibition of adenoma cell proliferation. These results together implicate GnT-V in the regulation of intestinal adenoma progression rather than tumor formation in vivo.
Regulation of Colon Cancer Stem Cells by GnT-V
GnT-V Regulates the Population of CCSC-We recently reported that deletion of GnT-V delayed her-2-induced mouse mammary tumor onset via down-regulating the size of the compartment of CSC (17) . Similar to mammary carcinoma, studies have suggested that colon carcinoma is initiated by a subset of crypt cells termed colon cancer stem cells (6, 7, 31, 32) . Because increased activity of aldehyde dehydrogenase 1, detected by the Aldefluor assay, is a characteristic of CCSC, this assay has been used for both measurement and enrichment of CCSC (7, 33) . To confirm that the Aldefluor-positive population from colon cancer cell lines has stem cell-like properties, both Aldefluor-positive and -negative cells were sorted using flow cytometry and collected for analysis of different intestinal stem cell markers (34, 35) by qRT-PCR. In LS180 cells, both intestine-specific stem cell markers (ASCL2 and BMI1) (36, 37) and primitive stem cell markers (OCT-4 and SOX4) were enriched in Aldefluor-positive cells (Fig. 4A ), whereas increased ASCL2 and CD133 were observed in Aldefluor-positive cells isolated from the HT-29 line (Fig. 4B ). Interestingly, no significant change in the expression of another intestinespecific stem cell marker, LGR5 (37) , was observed in Aldefluor-positive cells from either LS180 and HT-29 cells. Consistent with increased stem cell gene expression, the Aldefluorpositive cells from HT-29 cells showed an increased ability to form tumorspheres (both the number and the size of spheres) when grown in suspension culture for 7-10 days (Fig. 4C ) compared with the Aldefluor-negative cells, indicating increased self-renewal, a fundamental characteristic of stem cells (38, 39) . These results suggested that CCSC were enriched in the Aldefluor-positive cell population and confirmed the Aldefluor assay as an effective method to be used for detection and isolation of CCSC. Compared with Aldefluor-negative cells, Aldefluor-positive cells showed a significant increase in the expression of GnT-V that was accompanied by increased L-PHA staining (Fig. 4D) . These results suggested that GnT-V may be involved in the regulation of the CCSC compartment.
To further test the hypothesis that expression levels of GnT-V regulate CCSC, GnT-V was either overexpressed or knocked-down by siRNA. The Aldefluor-positive population (CCSC) was remarkably increased in the GnT-V overexpressing cell population compared with control cells (Fig. 5A , left and middle panels). A reduced proportion of Aldefluor-positive cells was observed for tumor cells transfected with GnT-V siRNA (Fig. 5A, right panel) . Consistent with these in vitro findings, the Aldefluor-positive cell population was remarkably reduced in adenoma tissues from Apc min/ϩ mice with GnT-V deletion compared with GnT-V WT adenomas (Fig. 5B ). The increased CSC population in GnT-V overexpressing tumor cells was further confirmed by Hoechst 33342 staining. Cell surface transporters are observed to exclude vital dyes such as Hoechst 33342 from CSC but not from non-CSC (differentiated) cells (40) . Using this assay, the control tumor cells displayed a CSC population of 0.64% (1.09% minus the control value of 0.45%); by contrast, the GnT-V overexpressing cells showed a significantly increased population of 2.18% (2.58% minus control value of 0.4%) ( Fig. 5C ). CCSC have also been shown to be enriched in the CD44 ϩ CD24 ϩ population of colon cancer cell lines, and this population of cells showed an ability of both self-renewal and differentiation as well as showing the highest efficiency in production of tumors in NOD/SCID mice (41) . GnT-V overexpressing tumor cells displayed an increase in the CD44 ϩ CD24 ϩ population compared with control cells (data not shown), consistent with an increased CCSC population after overexpression of GnT-V. To further confirm these results, we treated the colon cancer cell lines with swainsonine, an inhibitor that results in a block in GnT-V glycan product formation (Fig. 1A) . A reduced proportion of Aldefluor-positive cells was observed in three different colon cancer cell lines, HT-29, LS180 (Fig.  5D ), and SW480 (data not shown) after treatment with swainsonine, indicating that the population of CCSC was affected by inhibition of N-glycan branching that includes ␤(1,6) branching, supporting the effect of GnT-V expression levels on regulating the CCSC population. Because studies have shown that only Aldefluor-positive tumor cells (CSC) can form outgrowths in NOD/SCID mice (7, 42) , the altered tumorigenicity observed in our study most likely resulted, at least in part, from the altered proportion of CCSC resulting from altered GnT-V expression levels. 
GnT-V Expression Levels Regulate Self-renewal and Tumorigenicity of CCSC-To identify the mechanisms by which
GnT-V levels affect the population of CCSC, we first focused on the growth of tumorspheres in culture. When grown in serumfree stem cell culture media for 7-10 days, HT-29 cells formed typical tumorspheres, a measurement of the self-renewal of stem cells (38, 39) as shown in Fig. 6A . Increased gene expression of both aldehyde dehydrogenase-1 and GnT-V were observed in tumorspheres compared with parental cells grown on plastic plates, supporting further the enrichment of CCSC in tumorspheres and involvement of GnT-V in their regulation. To examine the role of GnT-V in regulating self-renewal, the ability of cells to form tumorspheres in suspension culture was measured for HT-29 cells in which GnT-V expression was suppressed by GnT-V siRNA. Although both control and GnT-V knockdown HT-29 cells showed the ability to form tumorspheres in suspension culture for 7-10 days, both the number and size of tumorspheres were significantly decreased in GnT-V knockdown cells compared with the controls (Fig. 6B ). The number of tumorspheres generated upon serial passage provides a measurement of self-renewal of stem cells (26) . To examine the ability of tumorspheres (primary tumorspheres formed from cultured tumor cells) to form new tumorspheres (secondary tumorspheres formed after trypsinization of pri-mary tumorspheres), primary tumorspheres were collected, trypsinized, and further cultured in suspension. Similarly, the number of secondary tumorspheres formed from the GnT-Vsuppressing cells was significantly lower than that from the control cells ( Fig. 6B, right panel) , indicating a reduced selfrenewal of cells after inhibition of GnT-V. Limiting dilution assays were then performed to estimate the tumorsphere-forming frequency (43) . As shown in Fig. 6C , the number of the cells required to generate at least one tumorsphere/well was higher in CCSC from GnT-V knockdown HT-29 cells (ϳ101 cells) than those from control cells (ϳ33 cells), supporting a decreased self-renewal capacity in GnT-V suppressing cells. These results indicated that GnT-V expression levels were implicated in the regulation of self-renewal of CCSC, affecting the population of CCSC.
Rapid rate of tumor formation in NOD/SCID mice is another fundamental characteristic of CSC. To characterize the tumor forming ability of CCSC purified from both control and GnT-V overexpressing tumor cells, the same number of CCSC (10 3 ) was sorted from cultures using the Aldefluor assay and injected into NOD/SCID mice. Although CCSC isolated from both control and GnT-V overexpressing cells formed epithelial tumors, confirmed by H&E and cytokeratin staining, tumor growth was significantly increased in those mice that received CCSC with GnT-V overexpression (Fig. 6, D and E) . The tumors formed by injection of CCSC from the GnT-V overexpressing cells still retained high expression of GnT-V, detected by L-PHA staining and were found to have local invasion into adjacent connective tissues (Fig. 6E, indicated by the arrow) . By contrast, no local invasion was observed in the tumors formed by CCSC from the control cells, indicating an enhanced invasiveness and progression caused by GnT-V overexpression. Supporting these results, immunohistochemical staining showed an increase in expression of the proliferation marker Ki-67 in some areas of tumors generated by CCSC with GnT-V overexpression compared with control cells (Fig. 6E ). These results are consistent with those from the in vitro experiments, demonstrating that GnT-V expression levels affected the CSC population and implicated GnT-V in regulating the cancer stem cell pool in vivo via affecting their self-renewal and tumorigenicity.
GnT-V Expression Levels Regulate Canonical Wnt Signaling Pathway-The canonical Wnt signaling pathway that regulates cell fate and proliferation has a crucial role in colorectal cancer development in both mouse and humans (44) . Recent studies have also implicated Wnt/␤-catenin signaling as the key regu-lator of CSC in colon cancer (45) (46) (47) . To investigate if altered Wnt/␤-catenin signaling was involved in the regulation of CCSC population and colon adenoma development by the expression levels of GnT-V, both Wnt target gene expression and nuclear ␤-catenin localization were analyzed. As expected, adenoma tissues from Apc min/ϩ mice with both GnT-V WT and KO backgrounds showed a remarkable increase in expression of Wnt target genes, including c-myc, Lgr5, Ascl2, and Axin-2, compared with adjacent normal tissues (Fig. 7A, left  panel) . These results were consistent with the conclusion that activation of the Wnt signaling pathway is an early event in colon cancer development (46) . However, significant decreases in these Wnt target gene expression were observed in adenoma tissues with GnT-V deletion compared with those with WT GnT-V (Fig. 7A, left and middle panels) , indicating an inhibited Wnt activity in adenomas due to deletion of GnT-V expression. Interestingly, the terminal differentiation epithelial marker, cytokeratin 20, was significantly increased in both adjacent normal tissues and adenomas of Apc min/ϩ mice with GnT-V deletion ( Fig. 7A, right panel) , likely indicating a reduced malignancy of adenomas after deletion of GnT-V. Consistent with these results from Apc min/ϩ mice, human LS180 ( Fig. 7B , left panel) and SW480 (data not shown) colon cancer lines with GnT-V overexpression showed increased expression of some Wnt target genes, such as CMYC, ASCL2, and AXIN2, compared with control cells. Interestingly, the Wnt target gene LGR5, also an intestinal stem cell marker, was found significantly suppressed in human colon cancer cells with GnT-V overexpression but increased in the cells with GnT-V knockdown ( Fig. 7B, right panel) . This result indicated an inverse regulation of LGR5 gene transcription by GnT-V expression levels and supports LGR5 as a negative regulator of the canonical Wnt signaling pathway in human colon cancer cells (48, 49) . Altered expression of Wnt target genes by GnT-V expression was further confirmed by immunoblotting ( Fig. 7, C and D) and immunohistochemistry (Fig. 7E) where the protein expression levels of the Wnt target genes CMYC, AXIN-2, and Ascl2 showed concomitant changes consistent with their transcript changes.
Nuclear translocation of ␤-catenin is a hallmark for active Wnt signaling, leading to the formation of ␤-catenin/TCF/LEF that triggers a complex transcriptional expression of Wnt target genes (45) . Compared with adjacent normal tissues, adenomas showed a significant increase in ␤-catenin levels in Apc min/ϩ mice as expected (Fig. 7C) , indicating a reduced degradation of ␤-catenin during the development of adenomas. However, reduced ␤-catenin levels were observed in adenomas from GnT-V KO mice (Fig. 7C ). Decreased staining of nuclear ␤-catenin was observed in adenoma tissues of Apc min/ϩ mice in the GnT-V null background compared with the mice with WT GnT-V (Fig. 7E, left panel) . Nuclear ␤-catenin staining was significantly increased in adenocarcinoma tissues formed by injection into SCID mice of CCSC from GnT-V-overexpressing LS180 cells compared with those adenocarcinomas formed by injection of CCSC from control cells (Fig. 7E, middle panel) . These results were consistent with altered Wnt target gene transcription caused by altered GnT-V expression and support a positive role of GnT-V in regulating Wnt signaling activity. To strengthen our hypothesis that Wnt signaling was regulated by GnT-V, the effect of GnT-V levels on Wnt activity was measured using Topflash luciferase reporter plasmids. As shown in Fig. 7F , significantly increased Wnt activity (determined by the ratio of TOPFLASH/FOPFLASH) was observed in GnT-Vtransfected LS180 cells, indicating an increase in TCF/LEF-1 transcriptional activity. SW480 showed, although significant, ) . B, GnT-V-suppressed HT-29 cells (4000 cells/well) were grown in suspension for 7-10 days, and the number of tumorspheres was counted in 5-6 random fields. After tumorspheres were collected and single-cell suspension prepared, they (4000 cells/well) were grown in stem cell culture media in suspension for another 7-10 days for secondary sphere formation. Bar, 50 m. C, primary tumorspheres formed from GnT-V suppressed HT-29 cells were dissociated and seeded in 96-well plates in stem cell culture media at densities ranging from 400 to 1 cell/well. After growth for 7-10 days, the percentage of wells that did not contain spheres at each cell plating density was calculated and plotted against the number of cells per well. D, Aldefluor-positive cells (3 ϫ 10 3 ) isolated from GnT-V overexpressing LS180 cells were injected subcutaneously into the backs of NOD/SCID mice (n ϭ 5), and secondary tumor growth was observed for up to 8 weeks. *, p Ͻ 0.05. E, tumors were dissected at week 8, and H&E and other immunochemical staining were performed as indicated. The arrow indicates local invasion, whereas cytokeratin staining confirms the epithelial origin of the tumor cells.
less of a change than LS180 (data not shown) likely due to higher activation of Wnt activity by an APC mutation in these cells (50) .
To provide additional evidence that CCSC were regulated by GnT-V levels via the Wnt signaling pathway, colon cancer cells were treated by Wnt-3a, an active ligand for Wnt signaling in colon carcinoma (50) , and the Wnt inhibitor CCT036477 (51) . As expected, the CCSC population was significantly increased in LS180 cells after treatment with Wnt-3a ( Fig. 7G, right panel) but reduced in HT-29 cells with CCT036477 treatment (left panel). These results confirmed the involvement of Wnt signaling in the regulation of CCSC and indicated that the effect of GnT-V expression on CCSC population was, at least in part, through the Wnt signaling pathway.
Wnt Receptors Express N-Glycans with ␤(1,6) Branching-GnT-V modulates the function of various cell surface receptors, leading to altered receptor clustering and ligand binding as well as regulating endocytosis of signaling complexes, resulting in aberrant downstream signaling mediated by these receptors (14, 17) . The binding of Wnt ligand to the Wnt co-receptors, Frizzled-7 (FZD-7) and low density lipoprotein receptor-related protein-5 or -6 (Lrp-5/6), forms the Wnt⅐FZD⅐Lrp-5/6 complex, leading to Wnt-target gene expression (52) . To determine if altered Wnt signaling caused by aberrant expression of GnT-V resulted from altered N-glycan modification of the Wnt (co)receptor, FZD-7, this protein was exogenously expressed in LS180 cell line by transfection and detected by Western blotting (Fig. 8A) . Interestingly, we observed that denaturing samples by boiling at 95°C in the presence of ␤-mercaptoethanol, common conditions for reducing SDS-PAGE, caused extensive aggregation of expressed proteins after blotting with anti-FZD-7 antibody. If the samples were simply mixed with SDS-PAGE loading buffer, however, and subjected to electrophoresis, a band at a molecular mass of ϳ63 kDa, the molecular mass of FZD-7, was resolved after blotting with the antibody, although aggregation was still observed. Similar results were obtained from SW480 cells after transfection with FZD-7 cDNA (data not shown). Incubation of membrane extracts from colon carcinoma cells with PNGase F, a glycosidase that cleaves diverse vertebrate N-glycans, including high mannose, hybrid, and complex structures, in the presence of low amounts of SDS without boiling resulted in a shift of the size of expressed FZD-7 after SDS-PAGE to that of ϳ55 kDa, indicating that the expressed receptors were N-glycosylated (Fig. 8B) . Compared with PNGase F, endoglycosidase H digestion caused little, if any, change in mobility of overexpressed FZD-7 (Fig. 8B) , suggesting that this receptor in LS180 cells contains complex N-glycans. Similar results with PNGase-F and Endo H digestion were seen with SW480 cells (data not shown). To determine if this receptor was an acceptor substrate of GnT-V, cell lysates of FZD-7-overexpressing cells were pulled down by L-PHA to enrich for glycoproteins that contained N-linked ␤(1,6)-branched glycans, products of GnT-V. As shown in Fig. 8C , after L-PHA pulldown, significant amounts of aggregated receptors were detected in both LS180 and SW480 cells (data not shown) expressing FZD-7, indicating that these glycoprotein receptors contained GnT-V glycan products. Experiments to quantify L-PHA binding to bands on these blots, however, were problematic as enrichment by anti-FZD-7 or L-PHA pulldown was required but was unsuccessful due to the necessity for denaturation, resulting in the inability to visualize the FZD-7 band at 63 kDa as seen in Fig.  8, A and B. To simplify the experiment, we instead utilized CHO Lec4 cells that have no GnT-V activity to express FDZ-7 before and after transfection with GnT-V cDNA. Large amounts of FZD-7, observed at 63 kDa after blotting with anti FZD-7 antibody, were precipitated by L-PHA after expression of GnT-V in these cells (Fig. 8D) , demonstrating N-glycosylated with ␤(1,6) branching. A, after human pCMV6-FZD7 plasmid was transiently expressed in LS180 cells, tagged FZD-7 proteins were detected by western-blotting (WB) using anti-DDK tag antibody. Note: denaturing samples by boiling at 95°C caused aggregation of proteins, resulting in poor resolution. ␤-Actin was used as a loading control. B, LS180 cell lysates expressing FZD-7 were digested either with PNGase F or with Endo-H followed by SDS-PAGE and Western blotting using anti-DDK antibody. The arrowheads indicate a deglycosylated band of FZD-7 by PNGase F digestion. C, FZD-7 transfected LS180 cell lysates were used for precipitation with biotinylated L-PHA followed by the addition of streptavidin-agarose and elution by boiling in SDS-buffer followed by SDS-PAGE and Western blotting with anti-DDK tag antibody. D, after human pCMV6-FZD-7 plasmid was transiently expressed in Lec4 cells, tagged FZD-7 proteins were detected by Western blotting using anti-DDK tag antibody (left); after mouse GnT-V cDNA along with FZD-7 cDNA were transiently expressed in Lec4 cells, levels of N-linked ␤(1,6) branching were detected by L-PHA staining (middle panel); FZD-7 and GnT-V co-transfected Lec4 cell lysates were used for precipitation with biotinylated L-PHA followed by Western blotting with anti-DDK tag antibody (right panel). N-linked ␤(1,6) branching on these receptors caused by GnT-V expression. For unknown reasons, however, using the identical experimental protocol with either colon carcinoma cell line did not resolve the 63-kDa FZD-7 band after L-PHA pulldown, precluding quantification in these cancer cell lines. In addition, making a secreted protein of FZD-7 turned out to be very difficult (data not shown), which unfortunately prevented us from full N-glycan analysis of this protein using mass spectrometry. Nevertheless, our results show that the Wnt receptor, FZD-7, expresses N-glycans that are bound by L-PHA and reflect levels of GnT-V activity. Taken together, it is very likely that the altered Wnt signaling observed after modulating the expression of GnT-V activity results, at least in part, from aberrant expression of GnT-V-modified N-glycans on FZD-7. Moreover, the evidence that altered Wnt signaling resulting from altered glycosylation of Wnt by GnT-V expression levels strongly supports the conclusion that posttranslational modifications of Wnt can significantly regulate tumor progression in vivo.
DISCUSSION
During human colon cancer progression, an increase in the activity of GnT-V, whose expression is controlled by several oncogenes, such as H-ras, v-sis, and her-2/neu (53, 54) , has been shown to occur (18, 19) . In our study we chose human colon cancer lines with different mutations as our in vitro models, including LS180 (with a ␤-catenin mutation), SW480, and HT-29 (with APC mutations). Results from these cultured cell lines strongly suggest that colon tumorigenesis is regulated by GnT-V expression levels. First, both anchorage-independent cell growth in soft agar and colony formation were remarkably enhanced when GnT-V was overexpressed in colon cancer cells. Second, in vivo tumor growth in NOD/SCID mice that resulted from injection of tumor cells overexpressing GnT-V was significantly increased, but suppressed when injection of tumor cells with inhibited GnT-V expression was used, compared with that observed from injection of mock-transfected cells. Based on these observations, GnT-V expression levels are implicated in the regulation of tumor-related phenotypes.
To further confirm the effect of GnT-V expression on colon tumorigenesis, Apc min/ϩ mice were used to breed with GnT-V knock-out mice to generate Apc min/ϩ mice with different GnT-V backgrounds. We found that the survival of Apc min/ϩ mice with reduced GnT-V expression was significantly enhanced. Interestingly, the number of adenoma formed in each Apc min/ϩ mice was not affected by GnT-V expression levels. However, a reduction in the size of the adenomas was observed after ablation of GnT-V, consistent with increased survival of these mice. These results suggested that GnT-V expression primarily affected the rate of tumor growth rather than tumor formation (the number of adenomas) in Apc min/ϩ mice. This observation was in synchrony with a recent study where the regulation of tumor load, but not the number of adenomas, was reported in Apc min/ϩ mice after treatment with a PKA antagonist (Rp-8Br-cAMPS) (55) . The inhibitory effect of GnT-V deletion on tumor growth observed in Apc min/ϩ mice was consistent with the results obtained from NOD/SCID mice injected with tumor cells with GnT-V knockdown. These results strongly suggested that GnT-V expression promoted colon adenoma progression in vivo.
Recent studies have highlighted the importance of cancer stem cells in regulating colon tumorigenesis and progression. CCSC have been isolated from both human and mouse colon tumors (4, 6, 7, 9) . Consistent with these reports, CCSC were identified from both human colon cancer lines and colon adenomas in Apc min/ϩ mice, demonstrated by using different markers for stem cells. Interestingly, we found that the population of CCSC was significantly increased in GnT-V-overexpressing tumor cells, whereas reduced expression of GnT-V in tumor cells or in adenomas down-regulated the proportion of CCSC, indicating the regulation of CCSC by GnT-V expression levels. These results suggest the hypothesis that the altered proportion of CCSC was involved in GnT-V-regulated tumorigenesis and tumor progression. Like other CSC (26) , CCSC can form tumorspheres in suspension culture, reflecting their ability for stem cell self-renewal. We found that self-renewal of CCSC was deregulated by GnT-V, determined by stem cell suspension culture, and further confirmed by limiting dilution assay, consistent with a deregulated proportion of CCSC by GnT-V. Coincident with these results, the tumor-forming ability in NOD/SCID mice injected with CCSC isolated from GnT-V-suppressing tumor cells was significantly decreased compared with those from wild-type tumor cell injection. These results indicated that GnT-V expression levels regulated both self-renewal and tumorigenicity of the CCSC resulting in the aberrant proportion of CCSC observed both in colon cancer cells and mouse adenomas due to aberrant expression of GnT-V. Based on the fact that CSC play a pivotal role in tumor initiation and progression (1, 2), a decrease in the CCSC compartment might, therefore, contribute to inhibited adenoma progression observed in Apc min/ϩ mice after deletion of GnT-V. Adenoma initiation (onset) was not affected in these mice, reflecting the regulatory role of CCSC in tumor progression and not in initial tumor formation (5) .
The canonical Wnt/␤-catenin signaling pathway is one of the most important pathways to regulate CCSC and colon cancer development (44) . Altered Wnt signaling is mainly attributive to inactivation of the tumor suppressor gene, Apc, or activation of the oncogene ␤-catenin (Ctnnb1) (44) . The binding of the Wnt ligand to Wnt receptors FZD-7 and Lrp-5 or -6 promotes the nuclear translocation of cytoplasmic ␤-catenin, the stability of which is regulated by a destruction complex containing Apc, Axin, and glycogen synthase kinase 3␤. Translocated ␤-catenin is associated with TCF/LEF-family transcription factors, thus activating the transcription of target genes (56) . Studies have shown that Wnt activity defines colon CSC and regulates growth and maintenance of tumorspheres (29, 45) . Our findings strongly support the hypothesis that Wnt/␤-catenin signaling pathway was implicated in the regulation of CCSC and colon tumor progression by GnT-V. First, the expression of Wnt target genes was changed by aberrant GnT-V expression levels. Second, the nuclear translocation of ␤-catenin, detected by immunochemical staining was regulated by GnT-V expression levels. Third, Wnt activity detected by TCF-luciferase (TOPFLASH/FOPFLASH) assay was shown to be regulated by GnT-V expression. Moreover, we found an increased or decreased population of CCSC after exposure of cells to a Wnt ligand, Wnt-3a, or a Wnt inhibitor, CCT036477, respectively. Therefore, the altered relative population of CCSC caused by altered GnT-V expression levels resulted, at least in part, from altered Wnt/␤-catenin signaling, therefore, regulating Wntmediated colon tumor development.
Interestingly, the regulation of one Wnt target gene, Lgr5, by GnT-V expression appeared to differ between human colon cancer cells and mouse adenoma tissues, although GnT-V expression consistently regulated their Wnt activity (Fig. 7) . This differential regulation of Lgr5 by GnT-V may reflect different roles of Lgr5 in the Wnt signaling pathway. Lgr5 along with Ascl2, serving as downstream target genes of Wnt signaling (51, 57) , have been identified as normal and cancer stem cell markers of mouse intestine (colon) (36, 58) . Therefore, the reduced gene expression of both Lgr5 and Ascl2 observed in Apc min/ϩ mice with GnT-V deletion not only indicated an inhibited Wnt activity, but also supported the reduced proportion of CCSC observed in these mice. By contrast, LGR5 expression was found to be negatively regulated by GnT-V in human colon cancer cells, suggesting that LGR5 may function as a Wnt inhibitor in these cells, consistent with a report showing LGR5 is a negative regulator of tumorigenicity by antagonizing Wnt signaling in colon cancer cell lines (49) . This regulation might reflect a feature of Wnt signaling in which multiple Wnt targets have a role in the negative feedback inhibition of signaling by blocking Wnt receptor function and reducing the stabilization of the destruction complex (59, 60) . In addition, this negative regulation of LGR5 by GnT-V in colon cancer cells was consistent with our observation that only ASCL2, and not LGR5, was found to be increased significantly in stem cell-enriched Aldefluor-positive population, although studies have suggested that LGR5 can serve as a human CCSC marker (39, 61) .
On the other hand, activated Wnt signaling by GnT-V action may, in turn, stimulate GnT-V expression further, strengthening the effect of GnT-V on Wnt signaling, since reciprocal regulation between Wnt signaling and glycosyltransferase action has been demonstrated. For example, stimulation of the Wnt signaling pathway by addition of exogenous Wnt3a or BIO, a glycogen synthase kinase 3␤ inhibitor, consistently and significantly inhibited GnT-III expression and its products, indicating a regulation of GnT-III by Wnt signaling pathway (62) .
In addition to the canonical Wnt/␤-catenin signaling pathway, the involvement of other signaling pathways in regulating the CCSC population cannot be ruled out because GnT-V can modify glycoprotein receptors other than FZD-7. Indeed, we noticed reduced levels of phosphorylated ERK (p-ERK) in adenomas of Apc min/ϩ mice with GnT-V deletion, evident by decreased expression level of phosphorylation of ERK (p-ERK) ( Fig. 7C ), consistent with a previous report that the ERK pathway is activated in Apc min/ϩ mice (63) .
The function of various cell surface receptors has been shown to be modulated by GnT-V and this modulation often causes aberrant downstream signaling mediated by these receptors (14, 15, 17, 64) . The binding of the Wnt ligand to Wnt receptors triggers canonical Wnt signaling, leading to downstream Wnt-target gene expression (52) . Members of the Wnt receptor family FZD are seven-pass transmembrane glycopro-teins with either 1 or 2 putative N-glycosylation sites in their extracellular N-terminal cysteine-rich domain (CRD) that serves as the Wnt binding domain (52) . A conserved N-glycosylation site in the CRD domain observed in the mouse FZD-8 crystal structure has recently been reported to express N-glycans (65) . Although FZD-7 is one of the Wnt receptors predominantly expressed in colon cancer cells that harbor APC or Ctnnb1 mutations, little is known about its N-glycosylation status in these cells. By overexpressing FZD-7 in colon cancer cells, we found that FZD-7 receptors were clearly N-glycosylated, evident by altered mobility after PNGase F treatment. N-Linked ␤(1,6) branching on these receptors was further characterized by L-PHA pulldown experiments, indicating that FZD-7 is modified by GnT-V. Results using GnT-V-defective Lec4 cells transfected with GnT-V further confirmed the fact that FZD-7, when expressed in cells, is an acceptor for GnT-V. Technical difficulties, due to substantial aggregation of FZD-7 under the conditions required to release these receptors from the affinity beads before SDS-PAGE, did not allow us to resolve the 63-kDa band of FZD-7 observed without denaturation and, consequently, precluding accurate quantification of increased N-linked ␤(1,6) branching on FZD-7 after GnT-V overexpression. Many examples of glycoproteins that are cellular acceptors for GnT-V do show quantitative changes in ␤(1,6) branching when levels of GnT-V are altered; for example, integrins (12, 66) , cadherins (67, 68) , growth factor receptors (14, 15, 17) , matriptase (69) , tissue inhibitor of metalloproteinase-1 (21) , and receptor-like protein tyrosine phosphatases (70) . It is reasonable to conclude, therefore, that increased GnT-V expression leads to increased ␤(1,6) branching on FZD-7. If so, then the altered Wnt signaling observed in colon cancer cells overexpressing FZD-7 is likely to be attributed, at least in part, to aberrant N-glycosylation of FZD-7 due to modulated GnT-V expression.
It is possible that the altered expression of ␤(1,6) branching on Wnt receptors may cause altered ligand affinity and/or receptor stability, thereby affecting the formation of the Wnt⅐Frizzled⅐Lrp-5/6 complex and thus leading to altered downstream Wnt-target gene activation. This possibility is substantiated by a recent study (71) showing that partial inhibition of DPAGT1, an N-glycosylation gene, in human squamous carcinoma cell lines reduced canonical Wnt signaling, likely via altered glycan modification of Wnt3a and Lrp-5/6. On the other hand, the regulation of Wnt signaling by GnT-V may be indirectly mediated by other cell surface proteins whose functions are regulated by GnT-V; for example, E-cadherin. Hypoglycosylated E-cadherin has been shown to significantly inhibit canonical Wnt activity in tumor cells (71); therefore, it is possible that altered GnT-V activity may have caused altered N-glycosylation of E-cadherin, a key acceptor substrate of GnT-V, also leading to aberrant Wnt activity.
In conclusion, we have provided evidence that the expression level of GnT-V regulates canonical Wnt/␤-catenin signaling pathway, most likely via modulating the N-glycosylation of Wnt receptors, which results in changes in the relative size of the population of CCSC in colorectal tumors, ultimately causing altered colon tumorigenesis and adenoma progression in Apc min/ϩ mice (Fig. 9 ). These findings shed new light on the molecular mechanisms of how altered GnT-V expression levels can modulate colon tumorigenesis and progression, and they support the hypothesis that inhibitors that target increased N-linked glycan branching could have therapeutic utility in the treatment of human colon cancer. 
